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Although the perturbation of atomic levels by electric fields was first observed more than forty years ago,' there has been little progress by way of a systematic study of the Stark effect on free atoms until the present decade. This has been due to the experimental difficulties of measuring small frequency shifts and attaining high electric fields, as well as theoretical dificuities in calculating and interpreting experimental results. Unlike the Zeeman effect, which depends only on the angular part of the wave function and can be calculated accurately for any atomic state, the calculation of the Stark effect involves infinite sums of radial integrals requiring accurate radial wave functions for excdted states.
Recentlr there has been a resurgence of interest in the electric field effect. The renewed activity is due to the successful application of new experimental techniques tothe Stark effect and to theoretical developments.
In addition, interest has been generated by the application of the Stark effect to the search for electric dipole moments in eimentary particles 2,3, and the measurement of isotope shifts 5 and hyperfine structure of excited This experiment serves as an important preliminary to the measurement of isotope shifts in indium by the atomic beam method.
II. EXPERIMENTAL METHOD
The experimental method employed here has been described previously in connection with the Stark shift measurements in the D1 lines of cesium, 12,16 rubidium, and potassium.
The application of the method to indium and thallium deserves some additional discussion due to the different energy level structure and hence we will review the methods using indium as an example.
The basic idea is one of a tuning experiment in which optical absorption lines.of beam atoms are tuned by an electric field to emission lines of the same atoms. The atomic beam apparatus is used to detect the spin-flip which accompanies tuning. For a description of the atomic beam apparatus we refer to the literature. 17
An atomic beam apparatus with flop-in geometry is employed. In the C-region a pair of electric field plates replaces the usual C-magnet and an optical photon source (resonance lamp) replaces the usual radio-frequency photon source (signal generator). The electric field plates may be used to select a particular ni trajectory and we assume this to be the case. Such state selection simplifies the analysis but is not necessary and was not used in this experiment.
Imagine a beam of indium atoms in the ground state level 5 2P112 m. = -1/2 ) in the C-region and with no electric field. The energy level diagram is shown in Fig. 1 . If the atoms are illuminated with resonance radiation, 4102 A, they will be excited to the 6s 2 state and decay back 1/2 (T = 7.5 x lo sec) to the 2P112 state as well as to the metastable 3/2 state. It is clear that of those atoms returning to the 2P112 state, one half will be in the m = + 1/2 level and will thus be refocused at the detector.
2 Some of the atoms terminating in the P 312 state will also undergo transitions = -1/2 to m = + 1/2; however, due to the different g of the 2P 3 , 2 state, these atoms will not be deflected properly and we may ignore them for the present. Thus, with no electric field applied in the C-region, a flop-in signal is observed at the detector. To consider what happns when an electric field is applied to the beam atoms we have to take the hyperfine structure into account. The hyperfine structure associated with the 4102 A line of indium 18, 19 is shown in Fig. 1 . Also, reference to the Breit-Rabi diagram shows us that 90% of the indium atoms are in the lower (F = 4) byperfine state prior to being flopped. We neglect the remaining 10% for simplicity and assume that all The interaction of an atom with an external electric field, E, directed along the z-axis, is described by the Hamiltonian Similar results may be expected in other transitions in the 2 P tate as well 1/2 as the 2S 112 state This is to be compared with the frequency shift induced by an electric field in the electronic transition 6s ( S)7s -> 6s ( S)6p of thallium which can be readily estimated to be 6(A(6p-7s)) " iO E 2 Hz, and to the line-widths 10 9 Hz inherent in the present experiment. Similar remarks apply.to indium. . .Thus for the purposes of this exeriment,hyperfine structure effects may be neglected. All hyperfine states are displaced by the same amount by the application of an electric field. The amount by which they are displaced depends only on the electronic quantum numbers within the above approximations, and is given by
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In the present case we are dealing with a single electron coupled to a core and hence to the extent that the transition electron does not polarize the core . .
A number of authors have evaluated the angular factors in Eq. (3) for particular UCRL-19 337 -2 324 values of £jm.,' but in fact we can reduce Eq. (3)tà a simple formula that sums up the Stark effect for any alkali-like transitions. For, due to the selection rules on 2., and j and remembering that j equals 2. ± 1/2, there are at most three non-vanishing terms in the angular part of the suimnation. Furthermore, the 3j and 6j coefficients are of a particularly simple kind and may be readily expressed in terms of their arguments Thus we arrive at 
IV. APPARATUS
The atomic beam apparatus is conventional, except for the electric field plates, and will not be discussed here. The electric field. plates, the high-voltage power supply, and the associated read-out equipment have been described previously and no further discussion is needed. 2 We limit our discussion to the beam source, detector, and light sources.
A. Production and Detection of Beams
Beams of indium and thallium were produced by electron bombardment of a tantalum oven containing indium or thallium and having a 0.030 inch sljt.
Approximately 30 watts (electron bombardment) were required to produce thallium beams and 60 watts were required for indium. The oven temperature was not measured, but was estimated at approximately 1200°K. The populations of the metastable P state can be calculated from the Boltzmann factors and is 3/2 negligible for thallium, while about 15% of the indium atoms are in the 2 P state.. ..
3/2
Detection of indium and thallium was accomplished with an iridium hot-ribbon surface ionization detector, 1 inch X 0.1 inch X 0.0015 inch.
Iridium was used becauseof its high work. function (5.9 eV) and the fact that it is inherently quieter and less troublesome than the more usual surfaces.
Typical background from the hot-ribbon was around 2 X 10 -12 amp with a noise -13 < amp. A Keithy 417 high-speed picoammeter was used to measure the ion currents.
B. Resonance La.mDS
The measurement of the Stark effect by atomic beams requires light sources having a high spectral density. Since the atomic beam is illuminated at right angles to its direction, the absorption width of beam atoms is the natural width Av 10 MHz. The light source must put out enough photons within this widthto flop a substantial number of atoms. An intense electrodeless discharge lamp was developed for this purpose.
The low vapor pressure of indium makes it impractical to discharge the metal directly; consequently, indium-iodide was used. The high vapor pressure of iodine,, which is produced in the dissociation of the iodide, causes the discharge to become unstable, so it is necessary to use microscopic amounts of the iodide in order to limit 'the iodine vapor pressure. To this end the iodide was formed in the presence of an argon discharge so that formation of the iodide could be monitored through the appearance of the indium blue line.
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The procedure is similar to that used by Cunningham and Link 21 with two exceptions:
1) we distilled the indium to insure purity, and 2) we reacted the indium with iodine prior to sealing off the lamp. After forming the iodide the argon was pumped out and the lamp refilled with spectroscopic grade xenon at a pressure of 1 Torr and sealed off. The thallium lamp presented no special problem and thallium-chloride was used.
The quartz lamps were cylinders 5 cm in diameter and 6 mm long. They were outgassed under vacuum at around 900°C for at least 10 hours before filling. The pressure prior to filling was approximately 2 X 10 Torr.
Excitation of the lamps was achieved with a 100 watt diathermy unit with a type A antenna. The lamp to be excited was placed in an oven, one end of which consisted of the microwave antenna. A boron nitride holder fixed the lamp inside the oven. A schematic of the oven is shown in Fig. 4 .
Normally the diathermy unit was operated at 60% to 80% power and the lamp temperature maintained about 210°C for indium and about 2140°C for thallium.
The lamp profiles were scanned with the atomic beam apparatus as previously described. A scan of the indium lamp line is shown in Fig. 5 where the frequency scale has been established from the known hyperfine structure of, the 5p 2 P and 6s 2 S states.181928 The intensity distribution shown 1/2 is actually a composite since a number of absorption lines are simultaneously scanning the lamp. It is clear from the width of the lamp line that less than 1/2% of the available light is effective in pumping. The number of photons which would be available for pumping an absorption cell would be increased by a factor 100 assuming a cell temperature 600°C. Doppler
V. E)ERINTAL RESULTS
The measurement of the Stark shift consists of scanning the lamp line with the atomic beam apparatus, as previously described, identifying the various resonances and using them to determine the frequency shift as a function of the applied voltages, V. All that remains to be done is measure the:electrjc field gap, d, and determine the electric field from V/d. The illumination region is sufficiently small compared to the dimensions of the plates that fringing effects may be neglected. Details of the plates were 26 29 previously published.
The voltages were supplied by a Sains 50 kV supply and read by a digital volt meter using a Parks 30 voltage divider.
Overall accuracy of the voltage system was < 0.1%. The electric field gap
was measured with a feeler gauge which was checked against a micrometer. The value of the gap was d= 0.825 ±.O.O2I mm. We presentbelow,.separately, the results for indium and thallium.
A. Indium
Typical results for indium are shown in Fig. 5 and are sunmiarized in Table III in terms of the polarizability difference La(62 S112,5 2 P Also 1/2 shown are the theoretical values of the polarizãbilities which are based on Eq. (5) and the Bates-Damgaard (B-D) Coulomb approximation which was used to calculate the radial integrals.
The resonance lamp and beams were made from naturally occurring indium. In natural abundance, indium consists of two isotopes
In (96%) 113 and
In (1%). The byperfine structure of these isotopes differs by 25 28 and may be neglected for our purposes. The isotope shift 210 MHz 31 is a small fraction of the line-width and may be neglected particularly in view of the low abundance of 113 In.
Two features of Fig. 5 are rather conspicuous and deserve comment.
First, the absence of a peak at 2971 MHz and second, the near equality of the three high-field peaks. These features can be understood with reference to the last row of Table I 
B. Thallium
Results for thallium are shown in Fig. 6 and summarized in Table III .
All measurements were made using naturally occurring thallium which consists of two isotopes 203Tl (30%) and 205Tl (io%). We get, for iiidium and thallium respectively, a(6 2S112 ) = 12(12.5) x 10_ 2 cm3
and a(7s 112 ) = 118 (13) x 10_2cm3 in ver good agreement with B-D (Table iii) .
We have calculated also the polarizabilities of the metastable state, a( 2P 312 ±m.), from the f-values of Penkin and Shabanova and find then to be in fair agreement with the B-D values. 
Indium and thallium energy levels. 
